OBJECTIVEdSeveral pathomechanisms are implicated in the pathogenesis of metabolic syndrome (MetS), most of which have not been investigated in African Americans (AAs). We examined the contribution of a selected panel of biomarkers to the development of MetS in Jackson Heart Study (JHS) participants in this investigation.
T he main components of metabolic syndrome (MetS) include dyslipidemia (low HDL cholesterol [HDL-C] and high triglycerides levels), impaired glucose homeostasis (high fasting plasma glucose), high blood pressure (BP), and abdominal obesity. Findings from several cross-sectional and longitudinal studies have shown that MetS is associated with higher concentrations of circulating inflammatory markers (1,2) and neurohormonal activation (3, 4) . The elevation of these biomarkers often precedes the development of risk factors such as type 2 diabetes (5), insulin resistance (IR) (6, 7) , and hypertension (7, 8) . Few studies, however, have examined the conjoint and relative contributions of multiple biomarkers to the development of MetS, and none have been conducted in African Americans (AAs) to our knowledge. Recently, Ingelsson et al. (9) evaluated a comprehensive panel of eight biomarkers representing inflammation, hemostasis, neurohormonal activation, and endothelial dysfunction for their association with the incidence of MetS and its risk factors in Framingham. Ingelsson et al. found that higher circulating plasminogen activator inhibitor-I and aldosterone levels were each associated with the development of MetS and with longitudinal changes of MetS components in whites. Because ethnic differences exist in levels of visceral adiposity, IR, and circulating levels of novel biomarkers (such as C-reactive protein [CRP] , adiponectin, and plasma homocysteine), we investigated the individual and conjoint association of selected circulating biomarkers with the incidence of MetS and with longitudinal tracking of MetS components among AAs in the Jackson Heart Study (JHS). We evaluated a panel of seven biomarkers representing inflammation (CRP), adiposity (leptin), adrenal pathway (cortisol and aldosterone), natriuretic pathway (B-type natriuretic peptide [BNP] ), and endothelial function (endothelin, ET-1, and homocysteine). Although IR is not a key component of MetS, we used it as a covariate in secondary analysis because it frequently accompanies MetS (10, 11) and to avoid confounding of any potential association by IR.
RESEARCH DESIGN AND
METHODSdThe sampling, recruitment, and cohort description of the completely AA JHS has been reported previously (12) . At baseline, JHS consisted of 5,301 participants recruited from the tri-counties (i.e., Hinds, Madison, and Rankin) of the Jackson, Mississippi, metropolitan area. For the current study, participants who attended visit 1 (2000-2004) and visit 2 (2005-2008) were selected.
The final sample sizes for studying biomarker-MetS components and biomarkers-incident MetS relations were 3,019 and 1,215, respectively. Figure 1 shows a flow chart of the research design. We derived our study sample from the total JHS sample at visit 1 by applying inclusion criteria based on the established relationship of the variable with MetS or the established relationship of the variable with biomarkers (e.g., coronary artery disease, diabetes mellitus, and use of sex hormone therapy [associated with elevated CRP levels]).
For investigating the relation of biomarkers with longitudinal changes of MetS components, we used a total of 3,019 participants (baseline study sample) retained after excluding persons with the following conditions (in hierarchical order): prevalent cardiovascular and prevalent coronary artery disease (n = 545); self-reported heart failure (n = 64); prevalent diabetes mellitus (i.e., fasting glucose $126 mg/dL or use of insulin or oral hypoglycemia agents, n = 225); serum creatinine .2 mg/dL (n = 37); missing covariates (n = 389); missing biomarkers and BNP .100 (n = 843); and self-reported cancer, use of antiinflammatory therapy, and white blood cell count .12 3 10 9 cells/L (n = 179). For analyses evaluating new-onset MetS, we used a sample free of MetS at baseline, excluding individuals with MetS at baseline (n = 1,082 or 36%) and those missing relevant follow-up covariates (n = 722).
Biomarker measurements at baseline examination: visit 1 Biomarker measurements during the JHS were performed at the baseline JHS examination. Serum aldosterone was measured by radioimmunoassay (Siemens), whereas plasma BNP and serum cortisol were measured by chemiluminescent immunoassay performed with the Siemens Advia Centaur (Siemens). Serum CRP was measured by the latex particle immunoturbidimetric assay (from ITA and from Roche Diagnostics, Indianapolis, IN), whereas serum leptin was measured by radioimmunoassay using the doubleantibody/polyethylene glycol technique of the Human Leptin RIA kit from Millipore (Billerica, MA). ELISA methods were used to measure plasma ET-1 (Minneapolis, MN), whereas plasma homocysteine was measured by the fluorescence polarization immunoassay on the IMX (N-0581; Abbott Laboratories, Oslo, Norway). The intra-assay coefficients of variation for the biomarkers were as follows: 8.7 and 6.2% for low and high aldosterone concentrations; 4.2, 3.1, and 3.4% for the three BNP concentrations (low, mid, and high values); and 9.1 and 7.7% for low and high cortisol levels, respectively. Coefficients of variation for CRP and leptin were 4.5 and 10%, respectively. For ET-1, coefficients of variation ranged between 9.3 and 19.1%. For the three levels of homocysteine, coefficients of variation were 4.6, 3.2, and 2.1%, respectively.
Definition of MetS and incidence MetS
MetS was defined in this study according to National Cholesterol Education Program Adult Treatment Panel III as the presence of at least three of the following five conditions: elevated BP ($130 mmHg systolic BP [SBP], $85 mmHg diastolic BP, or treatment with antihypertensive medications); increased waist circumference ($102 cm in men or $88 cm in women); hyperglycemia (fasting glucose $100 mg/dL) or treatment with insulin; hypertriglyceridemia ($150 mg/dL) or treatment with lipidlowering treatment; and low HDL-C (,40 mg/dL in men and ,50 mg/dL in women) (13) .
Determination of incident MetS for this study was based on clinical parameters obtained during visit 2. The followup period was on average .4 years from the baseline examination (median, 4.7 6 0.8 years; range, 3-11 years) among 1,215 individuals (79.1% [n = 961] women) who were free from MetS at baseline and had complete covariate and biomarker data. Incident MetS was considered present if at visit 2 at least three (any three) of the five components of MetS listed were present.
Statistical analyses
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MetS, controlling for the selected clinical and biochemical correlates. Because of the right-skewed distribution of most biomarkers of interest, we transformed biomarker values using natural logarithm and then standardized (mean = 0, variance = 1) them within each sex to facilitate easier comparisons and to account for sex differences in their distributions.
For the left-censored serum aldosterone and plasma BNP levels, we used b-substitution (14) to compute values at or below the limit of detection and obtained sex-specific BNP quartiles, because approximately one-quarter of BNP values were at or below the limit of detection, respectively. Pairwise Pearson correlation coefficients were used to assess the interrelations among the biomarkers.
Multimarker panel and incidence of MetS
We tested the likelihood that at least one of the biomarkers is related to the incidence of MetS. The following clinical correlates were included in the models as covariates: age, sex, SBP and diastolic BP, waist circumference, fasting glucose, fasting HDL-C, log triglycerides, and sex hormone use (all assessed at the baseline examination). We compared the goodness of fit of a reduced model (i.e., clinical correlates only) with that of a full model (i.e., seven biomarkers in addition to the clinical covariates). We estimated global probability corresponding to the chance that at least one biomarker is related to the incidence of MetS. Analysis was extended to individual biomarkers only if the global test yielded P , 0.05. To identify a subset of relevant informative biomarkers in the panel, we used stepwise logistic regression with backward elimination and a statistical significance of #0.05 for an individual marker to be retained in the model. The clinical correlates were forced into the model. We tested for potential confounding effect of IR by adjusting for homeostasis model assessment of IR, both as a continuous variable and categorical covariate in the multivariable model. We also evaluated the influence of conjoint marker effects on the incidence of MetS by including pairwise interactions between informative markers expressed as continuous variables.
We performed additional regression analysis using penalized splines (using the Generalized Additive Models package available and implemented in the R statistical software) to further describe the structure of the relationship between selected informative markers and incidence of MetS. This approach allowed us to test for departure from linearity of any potential biomarker-incident MetS relations.
Selected biomarkers and longitudinal changes in metabolic risk factors
The association between selected biomarkers and small changes in MetS components (D) represent the ability of the biomarker to predict small changes in MetS components, which may shed light on the association between biomarkers and new-onset MetS. In this analysis, we explored the relation between longitudinal change and selected biomarkers. Participants using BPlowering or lipid-lowering treatments or who were diabetic at the baseline examination were excluded from the analyses for changes in BP, blood glucose, and triglycerides. Changes in risk factors were analyzed using sex-pooled multivariable linear regression models, whereas changes in waist circumference were standardized within sex. We used censored normal regression for change in SBP and diastolic BP, plasma glucose, and logarithm of triglycerides to account for high BP, diabetes, or dyslipidemia treatments at the second examination cycle. In all models, we adjusted for age, sex, baseline BMI (except for the model analyzing waist circumference as the dependent variable), and baseline level of the individual risk factor. To facilitate interpretation of results, we conducted a minor analysis investigating the predictive ability of the selected biomarkers in the smaller sample of participants who did not develop MetS on follow-up (N = 937). All analyses were performed using SAS 9.2 (SAS Institute, Cary, NC) and R programming language. Secondary analyses. We estimated sexspecific cutoffs for the informative biomarkers that maximized the sums of sensitivity and specificity for predicting new-onset MetS by examining separate receiver-operating characteristics curves. Using the cutoff points, we obtained sensitivities, specificities, positive predictive values, and negative predictive values for incident MetS. We also compared the difference between the areas under the operating curve c statistic for the full and reduced models.
RESULTS

Baseline clinical and biomarker characteristics
The baseline clinical and biomarker characteristics of the JHS population are shown in Table 1 . For the sample free of MetS at baseline, we excluded individuals with MetS and those without relevant follow-up covariates (Fig. 1) . A total of 1,082 (36% of the baseline study sample) had MetS, which is a reflection of the high prevalence of obesity and hypertension among JHS participants (Table 1) . Most biomarkers exhibited low to moderate significant (P # 0.005) Pearson correlations, with coefficients ranging from 20.18 to 0.36 (Supplementary Table 2 ). Overall, distributions of biomarkers were similar in the whole sample and in those without MetS, especially in men.
Relation of multimarker panel and incidence of MetS
At the end of the second JHS examination cycle, 278 participants (186 women) had developed new-onset MetS. The biomarker panel was significantly associated with incidence of MetS (global test, P = 3.31 3 10 24 ; Supplementary Table 1) . We identified three biomarkers that were significantly associated with incidence of MetS: aldosterone (P = 0.004), CRP (P = 0.03), and BNP (P for trend across quartiles = 0.04).
From variable selection analysis results (Supplementary Table 1) , it was apparent that although aldosterone and CRP levels were linearly related to incidence of MetS, BNP quartiles were not. The negative Pearson correlation of plasma BNP levels with both aldosterone and CRP corroborates the nonlinear relationship of BNP and MetS (Supplementary Table 2 ). Test of linearity using generalized additive models showed a significant (P = 0.005) nonlinear relation with continuous BNP concentration (.3 estimated degrees for the spline) ( Supplementary Fig. 1 ) and a significant (P = 0.003, estimated degrees .1.0) curvilinear relation with BNP quartiles (Fig. 2) . Thus, in subsequent analyses, we modeled the BNP-MetS relation as two slopes that were different in direction by collapsing BNP quartiles into three categories; i.e., the second and third quartiles were collapsed into a single group that served as the referent group, with which we compared the first and the fourth quartiles. As summarized in Table 2 , both lower (quartile 1 vs. quartile 2 and quartile 3) and higher (quartile 4 vs. quartile 2 and quartile 3) BNP concentrations were associated with incidence of MetS (P = 0.02 and 0.0008, respectively). Tests of all pairwise interactions among informative markers were not statistically significant and thus are not shown. Inclusion of homeostasis model assessment of IR as a covariate in the analysis was not significant and thus was excluded in further analyses.
Relation of aldosterone, CRP, and BNP concentrations to longitudinal changes in individual components of MetS The proportion of individuals with elevation of one or more components of the MetS increased during follow-up: elevated glucose levels (11.5%); elevated BP (8.5%); decreased HDL-C (7.5%); elevated triglycerides (5.2%); and increased waist circumference (2.9%).
In multivariable-adjusted analysis, aldosterone was positively and significantly (P , 0.0001) associated with longitudinal changes of all MetS risk components except HDL-C and waist circumference (Table 3) . We found a significant direct association of CRP with longitudinal SBP (P = 0.0133) and sex-standardized waist circumference (P = 0.049), and a significant inverse association with longitudinal changes of HDL-C (P = 0.015) (Table 3). BNP levels at the extreme ends (quartiles 1 and 4) were significantly associated with SBP (P values at the low and high extremes = 0.069 and 0.0109), diastolic BP (P values at the low and high extremes = 0.22 and 0.0014), and triglycerides (P values at the low and high extremes = 0.0118 and 0.0045), but not with HDL-C, plasma glucose, and waist circumference (Table 3) .
Selected biomarkers and risk of incident MetS
Every 1-SD increase in log aldosterone and log CRP was associated with 25 and 21% increase in the risk of incident MetS, respectively. A 1-SD increase in log aldosterone corresponded to 2.1 ng/dL and 1.2 ng/dL above the median for women and men, respectively. The corresponding values for CRP were 3.5 mmol/dL and 3.3 mmol/dL. Low and high BNP levels increased the odds of development of MetS by 54 and 91%, respectively, compared with the referent group ( Table  2 ). There was a statistically significant 54-91% increased risk of MetS at the two extremes of BNP distribution (Table 2 ). This result is consistent with the curvilinear relationship between BNP and MetS (Fig. 2) . For participants without development of MetS (N = 937) on follow-up, we summarized the results of the multivariable-adjusted association between DMetS and the three identified biomarkers in Table 4 . CRP was significantly associated with change in waist circumference (P , 0.0001) only. Serum aldosterone was significantly associated with changes in SBP and diastolic BP (P , 0.0001) and fasting triglycerides (P , 0.0362). High plasma BNP levels were significantly associated with changes in SBP (P = 0.0266) and diastolic BP (P = 0.0182) and fasting triglycerides (P = 0.0204). Low plasma BNP was not significantly associated with changes in MetS components. These results demonstrate that the identified biomarkers are associated with small changes in MetS components.
Evaluation of performance of aldosterone, CRP, and BNP for predicting MetS
Potential clinical usefulness of these markers for predicting new onset of MetS is represented by sensitivities, specificities, positive predictive values, and negative predictive values for sexspecific cut points we derived from receiver-operating characteristics curve analyses (Supplementary Table 3 ). The maximum sex-specific sensitivity and specificity of the overall model were 0.45 for women and 0.47 for men and 0.84 for women and 0.83 for men. The c statistic for reduced model was 0.767, which was significantly (P # 0.0001) lower than 0.789 for the full model, suggesting that the full model is more informative for predicting incidence of MetS.
Principal findings
In this community-based cohort of AAs, we identified two biomarkers in the neurohormoral pathway (BNP and aldosterone) and one in the inflammatory pathway (CRP) that were significantly related to incidence of MetS. Higher circulating aldosterone and CRP were associated with increased risk of developing MetS, whereas BNP was nonlinearly associated with incidence of MetS. The curvilinear relation found between BNP and MetS suggests that the risk of developing MetS is significantly higher with both lower and higher BNP levels. All three biomarkers were significantly associated with longitudinal changes in SBP and fasting triglycerides. Aldosterone was additionally associated with diastolic BP and fasting glucose, whereas CRP and BNP were associated with HDL-C and waist circumference, respectively.
Although the performance of these biomarkers in predicting MetS as represented by the receiver-operating characteristics was less than ideal, these results nevertheless suggest that the biomarkers and their related pathways may be involved in mediating metabolic risk in AAs.
The prevalence of MetS and components of the syndrome in those with the disorder differs between ethnic groups, suggesting possible ethnic difference in the pathomechanisms of metabolic risk. The prevalence of MetS in the non-Hispanic white population of the Framingham Offspring study was 21.4 The most prevalent components of MetS in Framingham were high BP, low HDL, and high waist circumference for women and high BP, low HDL, and high triglycerides for men, in that order, respectively. In our AA sample, the most prevalent components of MetS were high BP, high waist circumference, and low HDL for both women and men (in that order). In the JHS cohort, high BP and high waist circumference were observed in ;60% of the women, nearly double that observed in Framingham women. The rate of high waist circumference in men in the JHS was ;40%, exceeding that seen in Framingham men (31.0%). Lipid profiles differ by ethnicity as well. Triglycerides were higher in women and men in Framingham (26.7 and 37.3%, respectively) compared with women and men in the JHS (;20 and 26%, respectively). Low HDL was more common in women in JHS than women in Framingham and was more common in men in Framingham compared with men in JHS. High fasting glucose was observed in .20% of women and men in the JHS with MetS; this is more than double that observed in their Framingham counterparts.
These ethnic differences in the prevalence of MetS and its components are likely multifactorial and related to differences in socioeconomic position, lifestyle and behavioral factors (such as diet and physical activity), and genetic factors.
Relation of plasma aldosterone concentrations to MetS
Aldosterone has been related to prevalent MetS (16) (17) (18) and individual components of MetS in non-Hispanic whites (19) . In one study, aldosterone was related to a 21% increased risk of new-onset MetS in this group. There are limited data on the relation of aldosterone to MetS in the AA population (16, 17) . We observed that aldosterone was significantly related to MetS and its components in a large community-based AA cohort, adding to the current literature in this high-risk population. The role of aldosterone in pathogenesis of MetS is complex and not fully understood (6, 20, 21) . Available evidence, however, points to the involvement of multiple mechanisms, including care.diabetesjournals.org DIABETES CARE, VOLUME 36, OCTOBER 2013 3089 the following: increased renal sodium retention, endothelial dysfunction, potentiation of angiotensin II action, and reduced vascular compliance (6, 19) . The most plausible and widely accepted mechanism was first described by Wehling et al. (22) and confirmed by Schiffrin et al. (18), Sowers et al. (23) , and Brown (24) . This mechanism involves nongenomic aldosterone effects, such as regulation of intracellular cations, cell volume, redox status, metabolic signaling, and vascular endothelium-dependent relaxation (18) , that occur in tissues of epithelial and endothelial origin as well as in cell lines of human mononuclear leukocytes (25) .
Mechanism linking CRP and MetS
CRP is a circulating pentraxin produced predominantly in the liver as part of an acute-phase response. CRP plays a major role in the human innate immune response and also provides a stable plasma biomarker for low-grade systemic inflammation (26) . AAs are known to have higher CRP levels compared with other ethnic groups (27, 28) ; however, in our previous study, we did not observe this distinction (29) .
Findings linking CRP to incident MetS and individual components of MetS (particularly obesity and high BP) support the theory that systemic inflammation plays a key role in development of risk factors for cardiovascular disease and cardiovascular events (2) . Proinflammatory cytokines produced by adipose tissue may impact lipid and glucose metabolism, resulting in the development of MetS and risk factors such as diabetes and dyslipidemia (30) . Cytokines such as interleukin-6 and tumor necrosis factor can impact metabolism through their influence on hepatic fatty acid synthesis (31) .
Relation of BNP to MetS
Previous studies have shown a significant inverse relation between BNP levels and both prevalent MetS and individual components of MetS (particularly obesity). These findings have been reported in cross-sectional studies of populations of several ethnic backgrounds such as whites (3, 32, 33) , AAs (8, 34) , and Asians (35) . In one study, the inverse relation between N-terminal pro-BNP (NTproBNP) levels and MetS was thought to be attributable to the inverse relation of NT-proBNP with plasma lipids, serum insulin, and BMI, independently of age and sex (3). On the contrary, no significant association was found between log NTproBNP and MetS in one study conducted in a Taiwanese population, although NTproBNP was positively and significantly associated with SBP and negatively associated with BMI, triglycerides, and insulin level (35) .
The curvilinear relation between BNP and MetS found in this investigation may be a reflection of lower BNP relation to obesity and higher BNP relation to BP. The relation of higher BNP concentrations to longitudinal increases in BP may result from BNP release in response to early increases in sympathetic tone and early activation of the renin-angiotensin system that occur with the development of high BP. Early release of BNP helps to compensate for volume and salt overload through natriuresis (36, 37) . It also compensates for vasoconstriction through vascular relaxation and vascular remodeling (38) .
BNP may affect lipid and glucose metabolism through more direct pathways. For example, there is evidence that natriuretic peptides may significantly increase both insulin levels and glucagon secretion (39) . Additionally, there is evidence that they play a role in both lipolysis and release of triacylglycerols from adipose tissue (40) .
Strengths and limitations
The main strength of our study includes the large sample size of AAs with data collected over 4 years regarding several important clinical covariates. This rich dataset allowed us to investigate, for the first time, the pathomechanisms involved in the development of MetS in AAs. The main limitation stems from restriction of our analyses to only individuals with available covariate and biomarker data. We developed the biomarker panel based on both practical considerations and biological plausibility. Only biomarkers with maximum data points were included, and so the findings should be considered as hypothesis generating and warrant confirmation in future studies. Also, the sample size was inadequate for investigating the many ways that development of MetS can be observed (i.e., at least three components of five = 10 ways). Further, lack of data from another ethnic group to allow for direct comparison limits the generalization of our findings to non-AA populations.
CONCLUSIONSdIn our communitybased sample of AAs, we observed that circulating plasma aldosterone, CRP, and BNP concentrations were significantly associated with incident MetS and longitudinal changes in select MetS components. Our investigation illustrates the likely key role these biomarkers play in the development of MetS and cardiovascular disease (a major consequence of MetS) among AAs.
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